State-of-the-art small-animal single photon emission computed tomography (SPECT) enables sub-half-mm resolution imaging of radio-labelled molecules. Due to severe photon penetration through pinhole edges, current multi-pinhole SPECT is not suitable for high-resolution imaging of photons with high energies, such as the annihilation photons emitted by positron emitting tracers (511 keV). To deal with this edge penetration, we introduce here clustered multi-pinhole SPECT (CMP): each pinhole in a cluster has a narrow opening angle to reduce photon penetration. Using simulations, CMP is compared with (i) a collimator with traditional pinholes that is currently used for subhalf-mm imaging of SPECT isotopes (U-SPECT-II), and (ii), like (i) but with collimator thickness adapted to image high-energy photons (traditional multipinhole SPECT, TMP). At 511 keV, U-SPECT-II is able to resolve the 0.9 mm rods of an iteratively reconstructed Jaszczak-like capillary hot rod phantom, and while TMP only leads to small improvements, CMP can resolve rods as small as 0.7 mm. Using a digital tumour phantom, we show that CMP resolves many details not assessable with standard USPECT-II and TMP collimators. Furthermore, CMP makes it possible to visualize uptake of positron emitting tracers in sub-compartments of a digital mouse striatal brain phantom. This may open up unique possibilities for analysing processes such as those underlying the function of neurotransmitter systems. Additional potential of CMP may include (i) the imaging of other high-energy single-photon emitters (e.g. I-131) and (ii) localized imaging of positron emitting tracers simultaneously with single photon emitters, with an even better resolution than coincidence PET.
Introduction
Molecular imaging of small animals with SPECT is rapidly gaining popularity. Small-animal SPECT is a key tool in the development of tracers (radio-labelled), pharmaceuticals and in the study of animal models of human disease (Andringa et al 2005 , Zhou et al 2005 , Wild et al 2006 , Vastenhouw et al 2007b , Blanckaert et al 2009 , Davis et al 2009 , Deroose et al 2009 , Nikolaus et al 2009 , van der Have et al 2009 . Image resolution of SPECT systems dedicated to imaging small animals has improved dramatically over the past few decades (Strand et al 1994 , Jaszczak et al 1994 , Ishizu et al 1995 , Liu et al 2002 , McElroy et al 2002 , Schramm et al 2003 , Furenlid et al 2004 , Walrand et al 2005 , Metzler et al 2005 , Funk et al 2006 , Hesterman et al 2007 . Recently developed SPECT devices with stationary detectors and focusing multi-pinhole collimators (MP-SPECT) provide sub-half-mm image resolution (Beekman et al 2005 , Beekman and van der Have 2007a , Vastenhouw et al 2007b , van der Have et al 2009 , which allows monitoring of tracer uptake in much smaller structures than is possible with state-of-the-art small-animal PET (approx. 1 mm resolution). The high resolution of pinhole SPECT compared to PET can be explained by the higher information content per detected gamma photon with pinhole SPECT, despite the lower sensitivity (fraction of emitted photons detected) of SPECT. This naturally raises the question of whether cases exist in which positron emitting tracers can be imaged at a high resolution using special SPECT collimators .
Resolution and image quality in coincidence PET are limited by (i) detector resolution and the effects of varying depth-of-interaction (DOI), (ii) non-collinearity of the annihilation gamma photons, (iii) random coincidences, (iv) coincidence losses and (v) the finite range of positrons. The first four factors are not prominent in pinhole SPECT: the negative consequences of detector blurring can be reduced to an acceptable level by choosing a sufficiently large pinhole magnification factor, while non-collinearity, random coincidences and coincidence loss do not play a role in collimated gamma ray imaging. These advantages of pinhole imaging may partly compensate for the limited sensitivity of SPECT; and, in a subset of imaging situations, the extension of MP-SPECT to the detection of high-energy annihilation photons may yield better resolution for positron emitters than contemporary small-animal PET (as will be shown below).
Simultaneous imaging of multiple tracers, each of which shows a different aspect of biological processes or pathology is attracting increasing interest. In SPECT, performing simultaneous dual-tracer imaging is often possible by setting multiple-energy windows (Kadrmas et al 1999 , El Fakhri et al 2001 , De Jong et al 2002 , Meoli et al 2004 , Zhou et al 2005 , Du et al 2007 , Neumann et al 2008 , Steele et al 2008 , Tai et al 2008 , Terrovitis et al 2008 , Yang et al 2008 , Akutsu et al 2009 . However, this is impractical in PET, where all gamma photons have equal energies. A system that allows the imaging of PET and SPECT tracers simultaneously makes it possible to visualize many new combinations of tracers in a single scan procedure, resulting in perfectly aligned images of a broad variety of different processes. Such a device can also be used to efficiently test how the properties of SPECT tracers are affected by their non-biological radioactive labels. Furthermore, combined PET/SPECT can reduce acquisition time for certain applications, and may be more cost-effective than using separate PET and SPECT devices.
Previously, positron emitters have been imaged in combination with Tc-99m using a single traditional pinhole. In (Tenney et al 2001) a uranium pinhole insert was used to image F-18 in a hot rod phantom in combination with Tc-99m; 3.9 mm rods could be resolved at best. Dual-isotope (Tc-99m-MIBI and FDG) SPECT on rats was investigated by Kubo et al (2004) ; a system resolution of 2.7 mm for FDG was attained. Clinical SPECT imaging of positron emitters (FDG) with parallel hole collimators was demonstrated by Burt et al (1995) and Martin et al (1995) while simultaneous imaging of FDG with Tc-99m-labelled tracers was performed by Stoll et al (1994) and Sandler et al (1998) . None of these approaches are suitable for high-resolution imaging of small experimental animals. Severe pinhole edge penetration of 511 keV annihilation photons makes the multipinhole collimators currently used unsuitable for high-resolution imaging of positron emitters. Although reduction of the pinhole acceptance angles can, in principle, reduce the resolution loss due to edge penetration, such an improvement in resolution is at the cost of a reduced field-of-view (FOV) of each pinhole. The aim of this paper is to investigate the potential of clustered multi-pinhole SPECT (CMP, Beekman 2008), a novel pinhole geometry based on several pinholes with small acceptance angles grouped in clusters. In CMP, pinholes in a single cluster together sample the same FOV as a traditional pinhole with a larger opening angle (see figure 1 ). This newly proposed clustered multi-pinhole concept therefore has the potential to improve resolution without sacrificing FOV. In this paper, we compare CMP with more traditional multi-pinhole collimators.
Methods
CMP is compared to two geometries based on traditional pinholes. The traditional pinhole geometries we consider are (i) a currently used state-of-the-art SPECT collimator capable of imaging typical SPECT tracers with sub-half-mm resolutions and (ii) a collimator that has been specially adapted for imaging high-energy annihilation photons. Comparisons are performed via ray trace simulations of a Jaszczak-like hot rod phantom, a tumour phantom and a mouse striatal brain phantom. Details of the geometries and simulations are given below.
Geometry of collimators and gamma-detectors
We assume that each of the collimator geometries we consider is placed at the centre of a U-SPECT-II system (MILabs, The Netherlands). This system has three stationary gamma detectors (active area of 51 × 38 cm, crystal thickness 9.5 mm) placed in a triangular configuration (van der Have et al 2009). The detectors have an intrinsic resolution of 3.5 mm and 12% of the 511 keV photons that fall onto the detector end up in the photo-peak window of 461-561 keV (Goorden and Beekman 2008) . With an XYZ stage, an animal can be moved inside the collimator during imaging. This is used for imaging objects larger than the centralfield-of-view (CFOV), the volume that is observed by all pinholes simultaneously. Using this dedicated acquisition protocol, entitled Scanning Focus Method (SFM; Vastenhouw and Beekman 2007a) , the pinholes can collect gamma photons from different parts of the object. SFM leads to good images only when a dedicated reconstruction algorithm is used, rather than stitching together separate reconstructions of sub-volumes obtained from individual focus positions.
The three collimator geometries we compare are designed to have the same CFOV and the same collimator inner diameter (44 mm, large enough to allow for whole-body mouse imaging, Vastenhouw and Beekman 2007a) . This design choice implies that the three geometries can image the same objects with an equal number of bed positions. The details of the geometries are provided below and illustrated in figure 2.
U-SPECT-II.
The first geometry we consider is the general purpose U-SPECT-II mouse collimator with 0.6 mm pinholes (van der Have et al 2009). The geometry has 75 gold pinhole inserts, placed in five rings of 15 pinholes in a tungsten collimator. The pinhole centres are placed at a diameter of 48 mm, and the pinholes have an opening angle of α = 30
• . The CFOV is cylindrical in shape with a diameter of 12.4 mm and a length of 12.9 mm. The U-SPECT-II system uses a shielding tube to prevent the projections of different pinholes from overlapping. Although we do not model the exact shape of the shielding tube in our simulations, its effect is partly included by assuming a collimator wall thickness that includes the wall thickness of the shielding tube. This is done such that the amount of simulated photons that penetrate the collimator wall directly matches that of U-SPECT-II. The thickness of collimator wall including shielding tube is 15 mm.
TMP.
The next geometry we evaluate is also based on traditional pinholes, but it has been adapted to make it more suitable for imaging high-energy gamma-photons. Compared to U-SPECT-II, the wall of the tungsten collimator is thicker (45 mm), and the pinhole centres are placed at a larger diameter (56 mm). The purpose of these adaptations is to reduce photon penetration through the pinholes as well as directly through the collimator. To keep the CFOV equal to that of U-SPECT-II, the pinhole opening angles are set to α = 26
• (see figure 2(c)). Furthermore, since for 511 keV gamma photons the attenuation coefficient of tungsten (0.248 mm −1 ) is almost equal to that of gold (0.286 mm −1 ), we assume tungsten pinholes, instead of the gold inserts used in USPECT-II. The geometry has the same number of pinholes as U-SPECT-II and the same pinhole diameters (0.6 mm).
CMP.
The clustered pinhole collimator design we consider resembles TMP, except that each traditional pinhole of TMP is replaced by a cluster of four pinholes, resulting in a design with 75 clusters or 300 pinholes. The CFOV is kept equal to that of TMP and U-SPECT-II by choosing an opening angle of α = 16
• for each individual pinhole in the cluster (see figure 2(c)). All other parameters are the same as those of TMP.
Digital phantom simulations
To evaluate the performance of CMP in different applications, we simulate three digital phantoms. The activity concentrations in the phantoms are set to values that occur in coincidence PET experiments. Details of the phantoms and activities are provided below.
Hot rod phantom.
A Jaszczak-like hot rod phantom is used to visualize improvements in image resolution ( figure 3(a) ). It consists of six sectors with rods having sub-mm diameters of 0.6, 0.65, 0.7, 0.75, 0.8 and 0.9 mm. In this phantom, the distance between the centres of rods in a sector is twice the rod diameter. An activity concentration in the active areas of the hot rod phantom of 6.4 MBq ml −1 and a scan duration of 45 min are assumed (Tai et al 2003 (Tai et al , 2005 .
Mouse tumour phantom.
The most common type of PET scan uses FDG to detect sites of high metabolic activity, which is frequently indicative of tumours. To assess performance of CMP for this important application, we simulate a phantom representing tumours implanted under the skin of a mouse in the hind left limb (xenografts, see figure 4(a) ). The phantom consists of three tumours, with the largest one having a necrotic core. We assume that an activity of 20 MBq is injected and that the activity in the tumour is 5% of the injected dose per gram of tumour tissue (Wahl et al 1991) . A scan duration of 45 min, starting 30 min post-injection, is assumed. Since FDG shows substantial uptake not only in tumours but also in the heart and brain, we include these organs in our simulation. For the mouse heart, we use the so-called MOBY phantom (Segars et al 2004) ; a mouse brain phantom was derived from (Franklin and Paxinos 2008 ; see also the next section). We assume that the activity concentration in the heart is five times higher than in the tumour, and that the concentration in the brain is 1.5 times as high (Wahl et al 1991) . The activity concentration in other organs and in the blood is low and is assumed to be uniformly distributed over the mouse (which we approximate by an ellipsoid), with a background activity concentration 15 times smaller than that of the tumour. (Honer et al 2006) . In mouse models, this research is still limited by the resolution of available PET systems and the size of the target region (the mouse striatum is approximately 15 mm 3 ). To evaluate whether CMP can visualize the striatum and even sub-striatal structures, we have simulated a mouse striatal brain phantom, which we have derived from (Franklin and Paxinos 2008 ; see figure 5(a)). We assume that the activity concentration in striatum and olfactory tubercle is five times higher than in the surrounding brain tissue. Our simulations assume that an activity of 20 MBq is injected into the mouse (of which approximately 0.6% reaches the striatum) and that the mouse is scanned for 30 min, starting 1 min post-injection (Honer et al 2006) . Since uptake in organs other than the striatum is low, we do not include other organs in our simulation but solely assume a background activity concentration that is ten times less than the activity in the striatum and that is distributed uniformly over the mouse (again approximated by an ellipsoid).
Simulator.
Our simulator uses ray tracing to model the resolution-degrading effects of pinhole diameter and pinhole-edge penetration. The validity of this approximation was checked against Monte Carlo simulations (Goorden and Beekman 2008) . Furthermore, positron range is taken into account, using a probability distribution for the annihilation point generated with Monte Carlo simulations. We have checked that the probability distribution matches with previous works (e.g. Levin and Hoffman 1999) . In this paper we have modelled the detector by a Gaussian response with a FWHM of 3.5 mm. This value is based on experiments (Goorden and Beekman 2008) . Poisson noise is added to the projection data. We simulate positron emitting tracers that are labelled with F-18. To provide a broader perspective, and to illustrate how our results for positron emitters compare to state-of-theart high-resolution SPECT, we also show simulated images for Tc-99m for the U-SPECT-II collimator. For Tc-99m, we assume the same activity concentrations as for F-18, but we take into account that the capture efficiency of our detector is higher (90%, compared to 12%). The voxel size of all phantoms is 0.125 mm, twice as small as the voxel size during image reconstruction. This is in order to emulate the fine resolution properties of real activity distributions. We assume five different bed positions (displaced by 1 mm only) for all phantoms to improve sampling.
Image reconstruction
A commonly used method of speeding up image reconstruction is ordered subset estimation maximization (OSEM, Hudson and Larkin 1994) . Traditionally, each subset consists of a couple of projection views. For multi-pinhole SPECT, it was shown that pixel-based OSEM (POSEM), where pixels in each subset are spread out regularly over the projection views, leads to smaller deviations from maximum likelihood EM than traditional OSEM (Branderhorst et al 2010) . In this paper, we have used POSEM with ten subsets for all reconstructions.
Relevant non-zero system-matrix elements were pre-calculated, using simulations of point sources. These simulations take into account the effect of detector blurring, finite pinhole diameter and pinhole-edge penetration, in the same manner as was done for the phantom simulations. Modelling positron range into the system matrix would result in a large increase in the number of non-zero matrix elements, and consequently a large increase in reconstruction time. Positron range is therefore accounted for by modelling it in the forward projection step of the reconstruction (Kamphuis et al 1998) . The voxel size during reconstruction was 0.25 mm.
Evaluation of reconstructed images
In this paper, we have chosen to show a range of reconstructed images with different iteration numbers for each phantom. The image with the lowest normalized mean square error (NMSE) is always included in this range (for more than 10 iterations, we round off to a multiple of 5, while for more than 50 iterations we consider multiples of 10) and we indicate the location of the image with the lowest NMSE in our figures. Images are visually assessed by describing what details can be resolved with each particular collimation method.
Evaluation of sensitivities
We calculate the average sensitivity over the CFOV for each of the geometries considered in this paper. We do this by simulating a uniform activity distribution that has the size of the CFOV (a cylinder with a diameter of 12.4 mm and a length of 12.9 mm). These simulations use the same simulator that was used for the phantom simulations and that was described in section 2.2.
Results
In figure 3 , we show simulated images for the hot rod phantom for a range of iteration numbers. Figure 3(b) shows images representing U-SPECT-II with Tc-99m. As shown in experimental studies (e.g. van der Have et al 2009), U-SPECT-II can reach sub-half-mm image resolution with Tc-99m. As a result, all rods are clearly separated in these images. However, when positron emitters are simulated with the same collimator ( figure 3(c) ), only the 0.9 mm rods are clearly resolved. Adapting the collimator by increasing the wall thickness (TMP) does improve the simulated images slightly, but rods smaller than 0.9 mm are still not clearly visible ( figure 3(d) ). The use of a cluster of pinholes instead of traditional pinholes leads to remarkable improvements in resolution: CMP is able to resolve rods with diameters of 0.7 mm and rods even smaller are partly visible.
In figure 4 , we show simulated images of the mouse tumour phantom. With a Tc-99m labelled tracer, the necrotic core of the larger tumour and one of the smaller tumours can be distinguished, while the presence of a second smaller tumour is partly visible. If the same collimator (U-SPECT-II) is used for a tracer labelled with F-18, the tumour cannot be distinguished at all. This is due to the high levels of penetration directly through the collimator wall by photons coming from organs other than the tumour (in this case, mainly from the mouse heart and brain: see section 2.2.2, above). The presence of activity outside the CFOV is inevitable when imaging small animals. As a result, U-SPECT-II is unsuitable for small-animal studies with positron emitters: the wall needs to be thicker and longer pinholes are needed. Adapted in this way, a traditional multi-pinhole collimator can image the largest tumour ( figure 4(d) ), but it cannot detect the presence of the necrotic core nor can it clearly resolve any of the smaller tumours. The use of CMP leads to remarkable improvements: CMP can resolve reduced activity in the necrotic core as well as the presence of a smaller tumour, although the two smaller tumours cannot be resolved separately. Figure 5 shows images of the mouse striatal brain phantom. Previous experimental studies had shown that U-SPECT-II can visualize sub-striatal structures, such as the olfactory tubercle (Vastenhouw et al 2007b) , something that is also apparent from our simulated images ( figure 5(b) ). As for the tumour phantom, direct penetration of 511 keV gamma photons through the collimator wall makes U-SPECT-II unsuitable for imaging positron emitters ( figure 5(c) ). Collimators with increased wall thickness, however, can provide much more detail (figures 5(d) and (e)): the olfactory tubercle cannot be resolved as clearly as with Tc99m, but some sub-striatal shapes remain visible. CMP does show more detail than TMP, but the difference is not as striking as for the other phantoms.
The simulated average sensitivity of U-SPECT-II with Tc-99m was found to be 0.18%, which perfectly agrees with experimental values (van der Have et al 2009). When F-18 is used in U-SPECT-II the sensitivity increase due to stronger pinhole edge penetration is partly compensated by the decreased detector sensitivity at 511 keV; in total we found a sensitivity of 0.53%. For TMP and CMP with F-18 we found sensitivities of 0.19% and 0.25%, respectively.
Discussion
Image resolutions of the different collimator geometries were assessed using iterative reconstruction of hot rods (see figure 3(c) ). From these simulated images it might appear that a SPECT collimator optimized for high-resolution imaging of typical SPECT tracers can reach image resolutions of about 0.9 mm when imaging positron emitters. However, when small animals are imaged, where activity is also present in organs outside the CFOV of the collimator, the severe penetration of the collimator wall will have a large adverse effect on the quality of reconstructed images (as is apparent in figures 4(c) and 5(c)). This makes it necessary to use a specially adapted collimator with a thicker wall and longer pinholes than is typical in SPECT collimators. Although these adaptations are necessary for imaging small animals, the increased wall thickness and the use of longer pinholes alone do not significantly improve the simulated images of the hot rod phantom ( figure 3(d) ). The use of clustered pinholes with smaller acceptance angles than traditional pinholes, however, has a large impact on image resolution: hot rods as small as 0.7 mm are resolved (figure 3(e)), a resolution that is significantly better than what is obtainable with state-of-the art PET devices. Such a high resolution can, for example, be useful when tracer distributions in tumours need to be assessed (see figure 4) . CMP can provide much more information about tumour characteristics than TMP (e.g. whether a radio-labelled molecule accumulates in a necrotic core or only in the living cancer shells outside the tumour, or whether metastases are present). For imaging of sub-striatal structures, such as those shown in figure 5 , the clustered pinhole geometry provides more detail than TMP, although the improvement of CMP over this traditional pinhole geometry is less pronounced for this specific example than for the other studies in this paper. We believe that this is due to the very low tracer concentration that is present when imaging the striatum (less than 1% of the injected activity reaches the striatum).
Although the reconstructed resolution of CMP is a distinct improvement over high-end small-animal coincidence PET, the sensitivity of our newly proposed device cannot reach the level achieved by coincidence PET devices. We would like to stress, however, that sensitivity in itself does not determine image quality; it is the combination of sensitivity and the information content per detected photon that determines how much image detail can be obtained. We believe that for applications where only small parts of a mouse are imaged and sufficient activity can be used (such as in the tumours shown in figure 4), the limited sensitivity does not necessarily pose a great problem. Rather, our simulations indicate that structures that cannot be resolved by any traditional PET device can be visualized with clustered pinholes. In wholebody imaging, the focus needs to move more, resulting in decreased sensitivity. Although it has been shown that MP-SPECT with SPECT tracers is able to achieve sub-mm image resolutions in whole-body imaging (Vastenhouw and Beekman 2007a) , further investigations are needed to find out if this also holds for CMP.
In principle, alternative ways of reducing edge penetration exist besides the clustered pinhole geometry proposed in this paper. One is the use of a collimator with traditional pinholes, each of which has a small opening angle. However, such a design has a strongly reduced CFOV compared to typical SPECT collimators and consequently sampling the volume-of-interest requires an undesirably large number of steps: a reduction of the opening angle by a factor of 2 already results in an eightfold increase in the number of steps. The clustered pinhole geometry presented here does not have this disadvantage: it is able to attain higher image resolutions than traditional multi-pinhole collimators with the same CFOV.
In this paper we have used ray tracing to simulate the passage of 511 keV gamma photons through the collimator. This means that we have neglected photons that undergo a Compton scattering event. In (Goorden and Beekman 2008) we have used full Monte Carlo simulations to determine the density of scattered photons on the detector. We find that this density is an order of magnitude lower than the density of photons that come from the background activity in the tumour phantom and brain phantom used in this paper. We therefore believe that neglecting scattered photons does not significantly influence the results.
Conclusion
We have shown that pinhole geometries based on a cluster of pinholes are very promising for the purpose of imaging positron emitting tracers and possibly the combined imaging of positron emitting and SPECT tracers. Our simulations indicate that the resolution that can be obtained with clustered pinholes surpasses that of state-of-the-art small-animal PET devices when imaging objects with the size of mouse organs. The high image resolution, the possibility of performing simultaneous dual-tracer imaging, and the cost savings enabled by the fact that only a single scanner is needed for PET and SPECT may open unique research opportunities.
